This paper reports on the instrumentation and monitoring of a fibreglass/epoxy composite manufacturing process using an optical fibre sensor based on a Bragg grating. The sensor is made of superimposed Long Period Grating (LPG) and Fibre Bragg Grating (FBG), both written on the same fibre zone. This sensor gives very accurate results and good spatial resolution, due to its ability to discriminate intrinsically between thermal and kinematic effects. The sensor was initially tested during the curing of an epoxy resin alone, in order to assess temperature and strain measurements. It is shown that these two factors can be well discriminated and quantified. The paper then presents results for monitoring Liquid Resin Infusion (LRI) , with the FBG/LPG sensor embedded in a composite part. Dielectric analysis was also performed. Results and analyses of the thermal cycle of curing and induced residual strains are discussed.
INTRODUCTION
Composite materials based on fibre glass/carbon with thermoset matrices are increasingly being used as structural materials, because of their light weight and high strength. However, there are some well known issues with these composites, such as how best to evaluate durability and damage tolerance design [1] , how residual stresses are characterised [2] and how to identify the global mechanical properties of such composite structures [3] . These challenges are due to the multiplicity of the scales involved, the complexity of the mechanical answers, the unknown state of the material and the unavoidable property variability induced by the manufacturing processes that create both the material and the structure.
Among the various composite manufacturing processes, Liquid Resin Infusion (LRI) is a novel process having the major interest that components and sub-components are infused at the same time, giving better quality-controlled parts and reduced assembly steps. LRI is the moulding of high-performance composite parts by infusing liquid resin on dry (carbon or glass) preform instead of prepreg fabrics [4] . The composite manufacturing process remains complex through the reticulation phase, which brings mechanical strains exerted by tools and moulds, chemical strains (shrinkage) from resin contraction [5] , and thermal strains exerted by the mismatch between the thermal expansion coefficients of the different components. The curing cycle then needs to be measured and controlled in order to obtain the final properties of the composite part, which are highly dependent on the process parameters, such as time duration, pressure and temperature. This requires in-situ instrumentation with sensors adapted for monitoring the composite manufacturing processes and assessing the thermal and mechanical factors.
Optical fibre sensors are generally considered as alternative solutions to localize and measure the amplitudes of applied factors, particularly in applications where the information cannot be assessed directly. Because of their low intrusiveness, optical fibres can be easily embedded into the composite to perform in-situ and real-time measurements. Some optical sensors have already been used to monitor epoxy resin curing systems by the measurement of optical properties. These include sensors based on near-infrared spectroscopy (FTIR) [6] , Raman spectroscopy [7] , evanescent wave spectroscopy [8] , or refractive index monitoring (Abbe-or Fresnel-based sensors, see [9] for example). Other optical sensors have been dedicated to monitoring temperature and strain. Among these, Bragg grating-based sensors can be considered as one of the most interesting candidates.
A standard Fibre Bragg Grating (FBG) is obtained by creating a submicron-period refractive-index modulation in the core of an optical fibre that couples the fundamental forward propagating core mode to the contra-propagating core mode. This coupling occurs at a specific wavelength b , defined by the Bragg condition for the fibre grating, with the FBG acting as a narrow-band reflection filter. The Bragg wavelength is defined by the period of the FBG and the effective propagating-mode index, so that a change in either one of these parameters, induced for example by a change in temperature or strain, changes the Bragg wavelength. A Long Period Grating (LPG) has a higher period, typically a few hundred microns, which promotes coupling between the propagating core mode and co-propagating cladding modes. The attenuation of the cladding modes results in the transmission spectrum containing a series of bands, corresponding to the coupling to a different cladding mode, centred at discrete wavelengths. Similarly to the FBGs, these attenuation bands are sensitive to the local environment in terms of temperature and strain [10] .
Although it is a great advantage that grating sensors are sensitive to several external factors, it is important to separate the thermal effect from the mechanical effect within the global information delivered by this kind of sensor. Several techniques have been described as a means to overcome this problem. These techniques can be separated into two main categories, according to whether the discrimination is intrinsic or extrinsic. The first consists of using two FBGs [11] or two LPGs [12] . These designs exploit different grating sensitivities to uncouple the strain/temperature effects. The FBG solution is known to exhibit low discrimination efficiency, while for the LPGs, although the solution presents a better discrimination efficiency, the sensor is more complicated to make as it uses two types of fibres [13] . Note that only the first category can ensure good spatial resolution, as the measurement can be performed in the same spatial zone. Other studies have been reported using both spatially-shifted LPG and FBG [14] . These designs only affect discrimination if the applied factors are non-homogenous, and lead to a comparatively poor spatial resolution of the measurement. As regards extrinsic discrimination techniques, these are generally performed by the use of two separate devices located in two separate places, leading to a nonoptimal spatial resolution of the measurement. The most commonly used all-fibre method consists of a pair of FBGs, one of which is encapsulated at the end of the fibre so that it remains free from mechanical stresses [15, 2, 5] . A thermocouple can also be linked to the FBG to collect the thermal component [16, 17] . Another solution is to combine an FBG with another optical fibre sensor, for instance an Extrinsic Fabry-Perot Interferometer (EFPI) [18] .
The main disadvantages of these techniques lie in their intrusive nature, in implementation difficulties, non-spatially localized measurements and difficulties in discriminating between different solicitations.
In this study, an experimental method is described for measuring strain and temperature applied to a composite part during manufacture by the LRI process. The method uses in-situ sensor instrumentation for extracting the thermal and mechanical characteristics of the composite material, mainly during the curing process, using a dual-period fibre Bragg grating.
The originality of our technique lies in the use of two superimposed gratings (FBG and LPG) [13] , allowing very good sensor spatial resolution with regard to the grating length, and high uncoupling efficiency.
In the following part, the principle of the sensor is detailed, along with the experimental configuration and calibration procedures. The experimental set-up required for curing the resin and for the LRI process is then described. Lastly, the results obtained with the embedded sensor during the curing of a pure epoxy resin, as part of the LRI process are presented and discussed.
EXPERIMENTAL

Sensor Principle and calibration
It is assumed that, in appropriate ranges (generally encountered in plastic and composites processes), the variation of the resonance wavelength b is linear with strain and temperature:
where K and K T are the strain and temperature sensitivities, respectively, and T are the variations of the longitudinal strain and the temperature applied to the grating. It is supposed at this stage that the strain field around the sensor is isotropic and homogeneous, but this point will be the subject of discussion later in the paper. From Equation (1), it is clear that two equations are needed to calculate the unknown parameters. For this purpose, a sensor formed of two superimposed fibre gratings (a FBG and a LPG) was developed. The two resonance wavelengths shift with different variations of strain and temperature, and thus the relation between bL (for the LPG), bF (for the FBG), temperature and strain can be expressed as:
where K F ( K L ) and K TF ( K TL ) are respectively the strain and the temperature sensitivities of the FBG (LPG). It is assumed that cross sensitivities can be neglected, as has been demonstrated experimentally [13] . It has been proven that the sensitivities of LPG and FBG are different for the same applied factor [19] . The solution to Equation (2) All the sensors were made with the same experimental protocol as that described in [13] . Gratings were inscribed in an H 2 -loaded Corning ® SMF-28 fibre with the help of the cw UV laser @244 nm. The LPG was first written with the point-by-point technique, and then the FBG was written over the entire length of the LPG using the well-known phase-mask technique with no fibre disassembly. Particular attention was paid to writing a relatively short LPG (12 mm) and an FBG of the same length, in order to obtain a small sensor with centimetre scale spatial resolution. Finally, the component was stabilized by heat treatment at 180°C for 3 hours to remove the unstable part of the grating. To determine the sensor sensitivities, a specific bench [13] was used to impose axial strain and/or temperature on the sensor. It was composed of a 1 µm resolution-translation stage equipped with a micro-force sensor, using a heated glass capsule as a micro-oven. As an example, the sensitivity matrix of one of the superimposed LPG/FBG sensors that were developed is reported in Equation (3):
It can be seen that the high decoupling efficiency of this sensor comes from the opposite strain sensitivities of both gratings, and from the fact that the LPG presents high thermal sensitivity for low strain sensitivity.
Sensor interrogation was carried out using a Leukos ® compact supercontinuum whitelight source as a probe, with a bandwidth of > 700 nm, and an optical-spectrum analyzer (Advantest ® Q8384) for detection purposes. Specific routines based on a Gaussian function were developed to fit transmission spectra. This adjustment procedure led to an estimation of b shift with a typical resolution better than 10 pm for the LPG and 1.5 pm for the FBG. The sensitivity errors were estimated to be 0.8 pm/°C and 0.3 pm/°C for temperature (LPG and FBG respectively), and 0.03 pm/µ and 0.01 pm/µ respectively for strain [20] .
Materials and Process
The processed composite part was made of glass reinforcement with an epoxy resin. The Moreover, a flexible dielectric sensor was added in the vicinity of the optical sensor to assess the evolution of the curing process. In situ acquisition of the wavelength shifts, at a frequency of one spectrum per minute, was performed throughout the LRI process.
Two types of device were used in this work: one for testing only the curing of the resin and a second for the whole LRI process. For the curing tests, the resin was put in a silicon mould with two small holes and a sealant to place the optical LPG/FBG sensor, all of which was positioned in an oven. A micro-thermocouple with a 110 µm wire diameter was also positioned in the vicinity of the optical sensor to validate and compare the results. Some studies (e.g. [17] ) have reported the use of a single FBG and a thermocouple to discriminate temperature from strain during the composite manufacturing process and to determine residual strains. However, the device developed here seems to be an alternative way to avoid using an invasive (metal-based) thermocouple. In-situ acquisition was performed throughout the curing cycle.
The device used for the LRI process can be described as follows: an aluminium plate of 3 mm in thickness was used as a mould. It was treated with a release agent (Loctite ® Frekote ® ) and the preform was placed on it. Sealant was added around the preform with a permeable draining fabric and a vacuum-bagging film placed on the top of the preform. Before infusion, the resin was preheated to 80°C in a heating chamber, connected to the vacuum bag inlet on one side, in order to decrease its viscosity and to make the infusion and the wetting of the glass fibre reinforcement easier. The liquid resin flow was then induced across the compressed preform thickness, also preheated to 80°C, as a result of a prescribed vacuum pressure over the preform created by a vacuum pump connected to the vacuum bag outlet.
After infusion of the preform by the resin, a second heating was applied up to 150°C, followed by an isothermal curing phase of 120 min and, finally, by cooling to room temperature.
Dielectric sensor
The dielectric sensor consists of two electrodes, with a sinusoidal voltage applied to one, while the resulting sinusoidal current is measured at the second. The response is attenuated in amplitude and shifted in phase according to the epoxy resin dielectric properties, due to the mobility of the ions and the alignment of the dipoles. These can be measured and the ionic viscosity can then be calculated (see [21] for details of the technique). In this work, a 10channel dielectric sensor system DEA 230/10 from Netzsch © Instruments was used. The sensors chosen for the experiments were implantable, single-use sensors comprised of two interdigitated electrodes on a polyimide substrate (Idex). These sensors, of 10 20 mm square, were simply placed between reinforcement plies. Dielectric measurements were conducted at various frequencies from 0.1 Hz to 10 kHz.
RESULTS AND DISCUSSION
This section is devoted to the presentation of the main results of the experiments: the monitoring of the resin curing alone, and the LRI-process monitoring, both using the opticalgrating-based sensor.
Monitoring of simple epoxy resin curing
In a first application, the LPG/FBG sensor was embedded in a Hexcel RTM6 resin for the purpose of monitoring the curing process. Figure 1 presents the temperature (measured by the thermocouple embedded near the optical sensor for comparison) and the FBG and LPG wavelength shift with time for the applied thermal cycle. The results shown in Figure 1 may be divided into three very distinct phases: the temperature increase (up to t1), the reticulation phase (cure plateau) from t1 to t4, and the temperature decrease.
[ Fig. 1 about here.]
In the first phase, when the temperature increases from 30°C to 130°C at around 2°C/min, the epoxy resin can be considered as liquid, so there is no detectable mechanical strain applied to the dual gratings ( = 0). The measured shift of b only depends on temperature, which means that the shift of b may be written as Equation (4) with K T known from calibration:
The temperature increase phase can, therefore, be used as an in-situ temperature calibration of the sensor in its environment.
During the second phase (the cure plateau generally associated with the reticulation phase), two distinct thermal states can be observed. The first is an overshoot of the temperature from t1 to t3 , which corresponds to the exothermal manifestation of chemical bonding, while the second state can be considered as isothermal at 130°C from t3 to t4.
However, in most cases studied, the overshoot does not appear to be as high as it was in this experiment. This difference can be explained, firstly by our use in this case of only pure resin, without reinforcement (a material with low thermal conductivity), and secondly by the facilitation of temperature diffusion caused by the large heat flux exchanged between the sample and the metallic mould, a phenomenon that cannot occur in a silicon mould. However, it is worth pointing out that, contrary to metallic moulds, this kind of silicon mould allows free deformations during the whole curing cycle. Obviously, in our experiment, the resin reticulation did not occur at a constant temperature. During the reticulation phase, the epoxy resin continuously changes from its liquid state to its reticulated state, which simultaneously fixes on the optical fibre and allows strain transfer [2] , leading to a continuous change in the behaviour of the material surrounding the sensor. The total strain applied to the sensor is the sum of a mechanical part (resin chemical shrinkage) and a thermal part (increase and decrease in the temperature) in a material whose stiffness is time-dependent. This is highlighted by the negative wavelength shift for the FBG from t = t2 , along with the positive wavelength shift for the LPG (because the strain sensitivity of the LPG is negative), as depicted in Figure 1 .
During the isothermal phase ( T = 0), the wavelength shift is expressed by Equation (5), which depends only on the mechanical strain:
The curing ends after the plateau (t > t 4 ), with the decrease in temperature (third and last phase), where the cure residual stresses are proportional to the measured residual strains [2] .
In this case, the wavelength shift depends on strain and temperature. Under the hypothesis of a surrounding material volume considerably greater than the optical fibre volume (in such a case the effective behaviour of the assembly is essentially governed by the surrounding media [22] ), it can be expressed as:
The additional thermal-strain effect generally induces an increase in the temperature sensitivity, leading to the apparent temperature sensitivity, noted K T * , linked to the surrounding media.
From the curves of the FBG and LPG wavelength shifts, presented in Figure 1 , and knowing the two temperature and the two strain sensitivities from calibration, as presented in Equation (3), discrimination can then be achieved. Figure 2(a) shows the temperature response of our sensor (quoted FBG&LPG in Figure 2a ) during the curing cycle, while the total strain is reported in Figure 2 (b).
[ Fig. 2 about here.]
The results presented in Figure 2 (a) are validated by comparison with the thermocouple response for temperature (quoted TC in Figure 2(a) ). The results for the strain measurement presented in Figure 2 (b) are also validated by comparing the strain measured with our optical sensor and the strain deduced from the single FBG wavelength shift using the thermocouple to measure the temperature and to discriminate both factors. It is worth pointing out that these results are quite good, except for the temperature response during the overshoot, where the optical sensor and thermocouple responses differ slightly. This may be explained by the fact that the two sensors are not positioned strictly at the same location. These results and analyses suggest the following comments.
-The measured strain is not affected by the temperature variation up to t = t2, which corresponds to the maximum temperature of the exothermic reaction.
-Between t2 and t3 we observed a contraction of about 3600 µ with a decrease in temperature of about 20°C. This is certainly the result of both the chemical contraction coming from the thermoset reticulation and the thermal contraction induced by the surrounding material along with the decrease in temperature.
-Between t3 and t4 both strain and temperature are constant, which is consistent with the fact that there is no wavelength shift of both gratings, as seen in Figure 1 .
-The temperature decrease and the strain from a thermal origin occur from t4, following Equation (6). This thermal strain has an amplitude of about 6500 µ, giving more than 1% for total strains back to ambient temperature. These large values can be explained by the fact that strains are free to develop in the silicon mould, and, of course, because there are no reinforcement fibres with generally lower thermal expansion and higher stiffness in comparison to the matrix.
This analysis can be extended by plotting the measured total strain with the temperature, as presented in Figure 3 .
[ Fig. 3 about here.]
Inserted in the figure are the slopes calculated during the exothermic part of the isothermal phase and during the cooling phase. During the latter phase, the epoxy resin is solid and its coefficient of thermal expansion can be estimated at re sin = 63 µ/°C which is in agreement with values from the literature [23] . However it is shown here that the resin is not totally cured at t = t2, nor between t2 and t3, because the decrease in temperature after the exothermic overshoot induces an apparent (much higher) coefficient of thermal expansion of 180 µ/°C (see Figure 3 ). This represents the contribution of the chemical contraction due to conversion, added naturally to the thermal contraction. Between t2 and t3 the measured strain is equal to 3600 µ for a temperature drop of 20°C, which would thus be at the origin of a thermal contraction of 20 re sin = 1260 µ, assuming a constant coefficient of thermal expansion from t2 to the end of the curing. One may conclude that, between t2 and t3, about 1300 µ are provided by the thermal decrease and about 2300 µ by the chemical reaction itself.
Liquid Resin Infusion monitoring
As good results were obtained from sensor tests during the epoxy curing, the FBG/LPG sensor could now be embedded in a glass/epoxy (RTM6)-composite part made using the process of Liquid Resin Infusion (LRI), as previously described. Figure 4 reports the temperature measured by the thermocouple, along with the FBG and LPG wavelength shifts as a function of time during the whole process.
[ Fig. 4 about here.]
The DEA analysis, along with the temperature evolution measured by the thermocouple, is reported in Figure 5 .
[ Fig. 5 about here.]
First, the ionic viscosity presents a large decrease just after the beginning of the heating cycle. The resin viscosity reaches a minimum at t 1 = 30 min, which corresponds to the beginning of the isothermal curing. During the reticulation phase, the viscosity reaches its maximum level, leading to the end of the curing: the resin is now completely solid. Figure 5 highlights an inflexion point during the reticulation phase near t 2 = 60 min, which corresponds to the gelation time [21] (the change point from the liquid phase to the rubber phase). At this time, the velocity of the cross-linking reaction is at its highest, corresponding to a maximum variation in the fractional conversion with time. This also involves a maximum heat flux induced by the reaction [24] , as can be seen from the maximum temperature reached at t 2 = 60 min in Figure 5 . Finally, Figure 5 exhibits no variation from t 4 = 130 min, corresponding to the final solid state of the resin.
From the raw wavelength-shift results shown in Figure 4 , and with the sensitivity matrix of Equation (7) K [ ] = K TL = 50.9pm/°C K L = 0.266pm/µ K TF = 11pm/°C K F = 1.21pm/µ (7) obtained after the sensor calibration, discrimination of temperature and strain can then be achieved. Figure 6a shows the temperature response of our sensor (quoted LPG&FBG in Figure   6a ) during the whole curing process, while the total strain is reported in Figure 6b .
[ Fig. 6 about here.]
The results presented in Figure 6a are validated by comparing the thermocouple temperature response (quoted TC in Figure 6a ). Results for the strain measurement presented in Figure 6b are also validated, by comparing the strain measured with our optical sensor (quoted LPG&FBG in Figure 6b ) and the strain deduced from the single FBG wavelength shift, using the thermocouple to measure the temperature and to discriminate between each factor (quoted TC&FBG in Figure 6b ). The enlargement of Figure 6a and 6b (presented in Figure 6c and 6d) highlights a decrease of about 100 µ in the measured strain during the isothermal plateau ( T = 0). These results show that the measurable contraction starts at t 2 = 60 min and stops at t 4 = 130 min, demonstrating that the measured strains are coming from the chemical contraction of the epoxy resin. One may deduce that these two process periods correspond, respectively, to the gelation time and to the end of the conversion of the resin, which is confirmed by the dielectric analysis results presented in Figure 5 . Note also that the chemical contraction estimated by the optical fibre sensor is very limited, mainly because the reinforcement fibres present a higher stiffness in comparison to the matrix, leading to the matrix being in a state of tension at the end of the conversion.
After cooling, results for residual strains, which lead to cure residual stresses, can be calculated at 2250 µ (see Figure 6b ). This value is lower than that reported for the pure epoxy resin curing because the coefficient of thermal expansion of the glass fibre is lower than that of the resin. In the case of a composite part provided by the LRI process, the measured strain coming from the chemical contraction of the epoxy resin is very weak, Finally, it should be emphasised that, as mentioned before, there may be both straininduced polarization (e.g. transverse strain), as the composite part is anisotropic [25] , and also non-homogeneous strain along the fibre sensor [26] , as the sensor presents a relatively long length (12 mm) compared to the dimension of the composite part. To investigate these possibilities, the evolution of the Bragg spectra shapes recorded during the LRI process was assessed. Note that it was the spectrum shape itself that was analyzed and not the power level of the reflected optical signal, as the former may reveal a complex strain state around the optical sensor. Normalised spectra of both gratings during the curing are presented over several times in Figure 7 .
[ Fig. 7 about here.]
Normalisation of the wavelengths was achieved by keeping the wavelength range constant for all the spectra, allowing changes in shape to be more clearly observed: 80 nm for the LPG spectra and 12 nm for the FBG spectra. A precise observation of Figure 7 (a) shows that there is a small change in the LPG spectra: there is no significant variation between times 0, 100 and 200 min (heating and isothermal phases) nor between times 300 and 400 min (cooling phase). However, a small enlargement is observed between times 0, 300 and 900: a 20% and 35% increase in the full width at half maximum (FWHM). The exact same tendencies are observed in the FBG spectra in Figure 7(b) . This is certainly the signature of transverse strains which remain small in comparison to the longitudinal strains that occur during the cooling to room temperature. The spectra shapes are globally conserved, indicating that transverse effects due to contraction during cooling have no significant influence on the longitudinal strain measurement. Our strain measurements can thus be considered as trustworthy.
CONCLUSIONS
This paper describes the monitoring of a LRI composite manufacturing process. It focuses on the instrumentation of this process, which is carried out using an optical fibre sensor based on dual association of long and short period gratings. These were used to discriminate the temperature from the strain during the process. Our sensor was calibrated to obtain sensitivity responses before embedding, first in epoxy resin, then in a fibreglass/epoxycomposite part for LRI process monitoring.
The discrimination of the sensor temperature and strain responses was validated during a simple epoxy resin curing by comparing them with thermocouple measurements. The sensor presents an accurate monitoring response and low intrusiveness, while dispensing with the use of a thermocouple. Analysis of the curing allowed strains from chemical origins (shrinkage) and thermal origins to be assessed. The LRI process was also monitored with the superimposed grating sensor and with a dielectric sensor for comparison. The developed sensor presents a good and accurate response for the monitoring of such a process. It was also shown that the grating-based sensor highlights the two significant points of the process, which are the gelation time and the end of solidification. Finally, a wavelength-spectra analysis was carried out and showed that transverse effects (due to contraction during the cooling) have no significant influence on the longitudinal strain measurement, thus guaranteeing a high degree of confidence in the strain measurements. 
